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Abstract 

Low mass compact rovers provide cost effective means to explore extra-terrestrial terrains. Use of flexible wheels in such applications 
where the wheel size is restricted, improves traction at reduced slip and sinkage. Design of a flexible wheel for a given mission is a chal¬ 
lenging task requiring consideration of stiffness of rim and spokes, stress induced in the wheel, chassis movement during wheel rotation 
and the operating mode of the wheel. Also, accurate mathematical models are required to save design and development time and reduce 
the number of prototypes for selection. It is observed that most of the research papers deal with performance testing of flexible wheels 
and information on analytical formulation is scarce. Therefore, in the present work, a methodology has been formulated to systemat¬ 
ically design a flexible wheel for a low mass lunar rover. The prototype performance is tested and compared with analytical estimates 
and reasons for difference are investigated. Paper contains details of design criteria, mathematical modelling, realisation of wheel pro¬ 
totype, test fixture and analysis test comparison. Authors believe that this work provides a useful aid to the designer to systematically 
design flexible wheels for low mass lunar rovers. 

©2017 ISTVS. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Small sized rovers with low mass and high agility 
provide cost effective means to explore extra terrestrial 
terrains. For a light weight rover with volume constraints, 
the wheel size gets limited which makes the rover slip on 
the soft soil due to increased sinkage and soil resistance. 
Wheel flexibility can improve the tractive performance of 
the rover on soft soil by increasing the contact area and 
reducing sinkage. Wong (2001) has shown that reduced 
inflation pressure of pneumatic tyres results in reduced roll¬ 
ing resistance on sand due to reduced ground penetration. 
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It is also asserted that the average ground pressure of the 
tyre should be less than the critical ground pressure so that 
the wheel operates like an elastic wheel (Wong, 2010). The 
average ground pressure is derived from experiments or 
finite element analysis based evaluation of contact area of 
wheel over soil. Same concept is used by Yalda Favaedi 
et al. to predict the tractive response of metallic flexible 
wheels (Favaedi et al., 2011). In the earliest rover missions, 
flexible metallic wheels made from spring steel wire mesh 
were used in Lunar Roving Vehicle (LRV) by NASA 
Asnani et al. (2009). To arrive at this design, candidate 
wheel designs like wire mesh wheel, hoop wheel and spiral 
wheel were studied. Among the future interplanetary mis¬ 
sions, Nildeep et al. have studied eight flexible wheel and 
eight rigid wheel concepts and evaluated their performance 
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using Traction Prediction Module (TPM) (Patel et al., 
2010). Their analysis indicates that flexible wheels provide 
superior traction performance compared to the rigid wheels 
under identical operating conditions. In AMALIA mission, 
which is one of the candidates for Google lunar X Prize 
challenge, an innovative flexible wheel concept has been 
considered for a small wheel (Torre et al., 2010). A non lin¬ 
ear finite element model of metallic wheel has been devel¬ 
oped and analysed for resulting displacement. Same 
methodology has been used for preliminary assessment of 
a small robotic rover for Titan exploration (Genta and 
Genta, 2011). Kojiro Iizuka et al. have measured the per¬ 
formance of flexible wheel with hoops on a slope and 
demonstrated that flexible wheel performs better compared 
to rigid wheel in terms of increased slope climbing capabil¬ 
ity at reduced wheel slip (Kojirolizuka et al., 2008; 
Kojirolizuka and Kubota, 2009). 

A flexible wheel consists of a rigid hub that houses the 
motor, a flexible rim usually with grousers and flexible 
spokes connecting the rim to the hub. For a flexible wheel 
to perform nominally on soft terrain, it should meet the fol¬ 
lowing functional and structural requirements:- 

• Wheel should be flexible enough such that the average 
ground pressure is less than the critical soil pressure 
ensuring that it rolls as a flexible wheel with flat contact 
patch on terrain. Otherwise, it behaves as a rigid wheel. 

• Increase in wheel-terrain contact should result in a sub¬ 
stantial increase in the traction in line with the mission 
requirement of slope and obstacle climbing capability 
and at the same time should not get dissipated entirely 
in flexing and unflexing of wheel. 

• Radial wheel stiffness should be uniform along the wheel 
circumference to limit the vertical chassis movement 
during rover motion. 

• Wheel should be stiff enough to ensure jerk free motion 
during steering i.e. the axial and tangential stiffness 
should be high. 

• The stresses induced in the wheel should be within the 
allowable limits. 

From literature survey, it is observed that most of the 
research papers deal with the performance testing of flexi¬ 
ble wheels and information on analytical formulation is 


scarce. Moreover, systematic procedure to develop flexible 
wheels supported by analysis test correlation is not avail¬ 
able. In the present work, an attempt has been made to sys¬ 
tematically study the influence of various design 
parameters of a flexible wheel on its performance on soft 
terrain. This includes rim and spoke thickness, spoke con¬ 
figuration and orientation, height of grousers and number 
of grousers. A design criterion is evolved for the selection 
of flexible wheel for a given mission which is supported 
through finite element analysis and closed form calcula¬ 
tions. The best performing wheel is fabricated and experi¬ 
mentally tested to validate the analytical estimates. The 
test is carried out on a compact, low cost test fixture hous¬ 
ing lunar soil simulant JSC-1A. The set-up is configured to 
vary the load and resistance on wheel and allows measure¬ 
ment of wheel slip, drawbar pull, sinkage and drive torque. 
The paper is organised as follows. Section 2 describes the 
design criterion and mathematical modelling to evaluate 
the performance of flexible wheel. In Section 3, the design, 
development and fabrication of wheel prototype is dis¬ 
cussed. Section 4 explains the features of the test fixture. 
In Section 5, test results comparison with analytical predic¬ 
tions is discussed. 

2. Design criterion and mathematical modelling 

A flexible wheel consists of a rigid hub housing the 
motor, flexible rim and flexible spokes connecting rim to 
the hub (Fig. 1). Grousers are generally added to the rim 
to improve the traction in the soil. This section explains 
the design criterion and mathematical modelling formu¬ 
lated to quantify the design parameters. 

2.1. Design criterion 

At the initial design stage, the size of the wheel can be 
decided based on the volumetric constraints of the rover. 
In the present study, wheel radius and width are taken as 
90 mm and 50 mm respectively for a rover mass of 20 kg. 
The variables involved in the design of a flexible wheel 
are shown in Fig. 2. 

Material selection is based on the influence of radiation, 
pressure and temperature extremes on the structural integ¬ 
rity of the material in the extra-terrestrial environment. 



Fig. 1. Typical flexible wheel. 
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Rim 


• Material 

• Thickness 



Fig. 2. Design variables for flexible wheel. 


Metallic alloys are therefore preferred over polymers. 
Be-Cu owing to high resilience provides a good margin 
on strength as the wheel rolls on uneven terrain and obsta¬ 
cles. Thickness selection is based on the stiffness require¬ 
ment and available sheet size like 0.1 mm, 0.15 mm, 0.2 
mm, 0.3 mm and so on. Spoke shape can vary from circular 
to spiral or any other pre-determined shape to provide 
required stiffness characteristics. Spoke orientation can be 
varied resulting in different configurations as shown in 
Fig. 3. For hoop type configuration, spoke axis can be par¬ 
allel to motor axis or tangential to hub. Similarly, spiral 
spoke can be single row or two rows with axial and circum¬ 
ferential offset. In addition, grousers are incorporated to 
maximise the traction within the mass and volume con¬ 
straints of the rover. 

In order to estimate the rim/spoke thickness, spoke 
shape and orientation, a design criterion is formulated 
based on wheel stiffness and strength. Table 1 shows the 
design parameters along with desired trend and the perfor¬ 
mance parameter that gets influenced by it. 

2.7.7. Mode of operation 

To ensure flexible mode of operation of the wheel on 
soft soil, average ground pressure should be less than the 


critical ground pressure, it is only then that the wheel oper¬ 
ates in flexible mode. Otherwise, the wheel rim pops out 
against the soil and the wheel takes a circular shape as if 
it is a rigid wheel. Average ground pressure (P gr ) is given 

by Favaedi et al. (2011):- 


W 


(i) 


where W = Vertical load on the wheel, L c = Contact 
Length, B = Width of the wheel. 

Deformation characteristics of the wheel obtained from 
finite element analysis are used to evaluate the contact area 
and thus the average ground pressure. Critical ground 
pressure (P gcr ) is given by Wong (2010):- 


P 


gcr — 


~k c , 

i 

2n+l 

3W 

a * 


_(3 - n)B s VD_ 


( 2 ) 


where k c , k# = Cohesive & frictional module of deforma¬ 
tion of soil, B s = Smaller dimension of contact area (wheel 
width or contact length), n = Sinkage exponent of soil, 
D = Diameter of the wheel. 

To quantify limits on radial stiffness, Bekker’s equation of 
substitution circle (Fig. 4) is used that equates the perfor¬ 
mance of a flexible wheel with an equivalent rigid wheel of 
larger diameter given by (Bekker, 1955; MSC-Adams, 
2011 ):- 

= (3) 

where R* = substitution radius or equivalent radius of 
rigid wheel, R 0 = actual radius of flexible wheel, h = sink- 
age of flexible wheel of radius R 0 in soft soil, f 0 = deflection 
of flexible wheel under given load resting in soil. 




Fig. 3. Different spoke configurations. 


Table 1 

Design criterion for flexible wheel. 


Design parameter 

Desired trend 

Performance parameter 

Radial stiffness 

Low 

Flexible mode of operation, increase in traction 


High 

Less energy loss 


Uniform along circumference 

Vertical stability of chassis 

Axial stiffness 

High 

Jerk free steering 

Tangential stiffness 

High 

Avoid squirm (wavy motion) during rolling 

Strength 

High 

Sufficient margins at contact regions 
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Fig. 4. Substitution circle. 


To obtain 4 h’ and 4 f 0 ’ at initial design stage, following 

analysis methodology has been adopted: - 

• Sinkage of rigid wheel of given diameter in the lunar soil 
simulant is estimated using terramechanics theory 

(Bekker, 1955). 

• Rigid wheel flexible soil model is developed in finite ele¬ 
ment software where the soil is modelled as an elastic 
medium and its elastic modulus is tuned to give sinkage 
as calculated in previous step. 

• Flexible wheel finite element model is placed over the 
simulated elastic terrain and its deformation/sinkage 
characteristics are obtained. 


2.7.2. Radial stiffness 

Based on the mission requirement of obstacle and slope 
climbing capability, substitution theory can be used to esti¬ 
mate the desired radial stiffness. For the present study, as 
would be explained in Section 3, a rigid smooth wheel of 
90 mm radius slips by 20% in lunar soil. To reduce the slip 
to a desired value of 5%, radius should be increased to 325 
mm for which stiffness is calculated as ~2 N/mm using 
substitution circle theory. Therefore, a minimum value of 
2 N/mm has been targeted for present study. 

2.1.3. Vertical stability of chassis 

As the wheel rolls over the terrain, due to intermittent 
compression of rim and spoke, a cyclic vertical movement 
is observed at the wheel centre (Fig. 5) which is referred to 


as vertical stability in the present work. This leads to jerky 
movement of the chassis as the rover moves on terrain. For 
the present study, its value has been arbitrary restricted to 
2 mm. It can affect the quality of videos taken from camera 
while the rover is moving. 

2.1.4. Axial and tangential stiffness 

High axial stiffness is desired to avoid jerky steering 
maneuvers. Tangential stiffness should be high to reduce 
wavy motion of the wheel (also known as squirm) as it rolls 
over terrain. In the present study, axial and tangential 
deformation limits have been set to 15-20% of radial 
deflection based on recommendation by Grimm. However, 
these limits can be set based on experimental observations. 

2.1.5. Wheel strength 

As the wheel deforms during motion, the spokes come in 
contact with each other and also with the rim resulting in 
high local stresses. The induced stresses are compared with 
the yield stress limit of Be-Cu and the stress margins are 
estimated. In the present work, a margin of 1.0 has been 
set for the rover under study. 

The performance of present wheel has been analysed 
and tested on JSC-1A lunar soil simulant. The mechanical 
properties are measured using direct shear test and 
obtained as C (Cohesion) = 1000 Pa and cp (angle of inter¬ 
nal friction) = 45 deg. 

2.2. Mathematical modelling 

To evaluate the design parameters explained in the 
previous Section, deformation characteristics of the wheel 
are required. Fig. 6. shows the finite element model of a 
flexible wheel resting on a rigid surface as modelled in 
Abaqus-6.11. 

The surface on which the wheel rests is modelled using 
R3D4 rigid elements whereas the rim, hub and spokes 
are meshed using S4R shell elements. These account for 
finite membrane strains and large deflections, have one 
integration location per element against four locations of 
S4 element and follow reduced integration thereby reduc¬ 
ing the calculation time (DASSAULT SYSTEMS and 
Simulia, 2010). The spokes are connected to rim and hub 


(a) 


(b) 



Contact stress at 
spoke 


Contact stress at rim 
terrain interface 


Fig. 5. Hoop wheel during rolling (a) Hoop and rim deforming (b) Rim deforming. 
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Contact between spokes 


Contact between spoke 
and hub 


. Hub constrained at hub centre with 
coupling constraint 

Contact between rim and 
rigid surface 


Contact between spoke and rim 


Fig. 6. Finite element model of flexible wheel. 


using a tie constraint. Contact is defined between the 
spokes and the rim, spokes and the hub and spoke to the 
spoke. Load is applied at the centre of hub in steps of 
10% of full load. Abaqus Explicit is used to solve the prob¬ 
lem as it involves large deformation and multiple contacts. 

Traction (H) developed by the flexible wheel is obtained 
using Bekker’s equation that relates it to the wheel load 
(W), contact area (A), contact length (1), slip (s) and soil 
properties as shown in Eq. (4) (Wong, 2010):- 


H = (cA + W tan cp) 



(4) 


where c = cohesion of soil, cp = angle of internal friction of 
soil, k = shear deformation modulus. 

Grouser height, thickness, width, inclination and num¬ 
ber of grousers, are the parameters that can be varied to 
obtain optimal traction. The width is usually kept same 
as the wheel width and the thickness is kept small (1-2 
mm). Inclined grousers with inclination along the width 
provide increased traction during steering but lower thrusts 
during straight maneuvers. Increase in grouser height 
increases the traction up to certain limit after which it sat¬ 
urates. Increase in the number of grousers increases the 
traction up to a certain limit beyond which it falls 
(Wong, 2010). The minimum number of grousers (n g ) are 
based on rational thinking that at least one grouser should 
be present in the soil at all times during rover motion 
(Fig. 7). It is calculated as:- 



360 

^7 


(5) 


where Of is the entry angle of the wheel in soil calculated 
as:- 


9 f = 2*sin“ 1 (//2r) 


( 6 ) 


where 1 = contact length, r = wheel radius. 

There is no direct theoretical formulation available to 
estimate the maximum number of grousers though many 
researchers have studied it through tests (Irani et al., 
2011). In the present work, the maximum number of grou¬ 
sers (n gmax ) is estimated based on the condition that passive 
stress zones of consecutive grousers should not interfere 
with one another. 

Maximum no. of grousers is thus calculated as:- 


2nr 

M g max 

qp 


(7) 


where ‘r’ = radius of wheel. 

Length of passive stress zone 4 l qp ’ is given by Irani et al. 
( 2011 ):- 


Iqp 


tan (45° - f) 


( 8 ) 


where h b = height of the grouser and cp = angle of internal 
friction of soil. 

Grouser traction (F p ) is calculated as (Wong, 2010):- 



where y s = weight density of the soil, c = cohesion stress, 
1 = contact length, b = wheel width and W = wheel load. 
Flow value is given by:- 

N v = tan 2 (45° + (10) 


It is important to note that in Eq. (9), the surcharge for 
rigid wheel is the average pressure resulting from flexibility 
of wheel. The above formulation is based on passive earth 
pressure theory that provides traction under plastic equilib¬ 
rium just before failure of soil at 100% wheel slip. Based on 
the test results, analysis can be correlated using appropriate 
modifications in the mathematical formulation of smooth 
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wheel like increasing wheel radius, including coefficient in 
the equation or including rear soil angle. Wong (2010) 
and Kojirolizuka et al. (2008) have augmented the theory 
with coefficients obtained from tests in the form of look¬ 
up tables. Irani’s model uses coefficients in the pressure- 
sinkage relation to establish correlation for dynamic wheel 
sinkage (Irani et al., 2011). 

Mathematical modelling thus provides the estimation of 
wheel stiffness and stress through which the operating 
mode, vertical stability, stress margins and the number of 
grousers can be evaluated so as to qualify a given wheel 
design for the design criteria. 

3. Design, development and fabrication of prototype 

Dimensions of wheel, wheel material, thickness of rim 
and spokes and spoke shape/configuration are the design 
parameters which need to be evaluated for the wheel 
(Fig. 8). Based on a typical low mass lunar rover configu¬ 
ration, radius and width of the rim are assumed as 90 
mm and 50 mm. Be-Cu is considered for the rim and the 
spoke material (Yield strength of 1020 MPa and Elasticity 
modulus of 135 GPa) due to its high resilience and the hub 


is made from Al-6061. Spoke/rim thickness of 0.2 mm and 
0.3 mm are considered. Design mass of the rover is 
assumed as 20 kg and each wheel is subjected to 8 N load 
in lunar gravity. 

If the rover moves on a 30 deg slope, rear wheel load 
changes to 11 N and front wheel to 3 N. For a conservative 
stress analysis, load on wheel is assumed to be 20 N 
whereas operating mode is checked for loads of 8 N as well 
as 3 N. In the following Sections, parametric studies car¬ 
ried out with respect to wheel flexibility and grousers are 
presented. 

3.1. Parametric studies on rim and spoke 

Three shapes of the spokes viz. hoop, modified hoop 
and spiral have been considered as shown in Fig. 9. The 
load deflection behaviour is analysed for the wheel resting 
on a flat rigid surface subjected to loading at the wheel 
centre. 

3.1.1. Hoop spoke 

The maximum number of hoops that can fit for the 
given rim and hub radius is six. Table 2 shows the perfor- 


Wheel size 
- Diameter 
- Width 




Radius = 90 mm 
Width = 50 mm 
(based on rover 
configuration) 



(a) Hoop wheel 




(b) Modified hoop wheel (c) Spiral wheel 


Fig. 8. Design methodology for wheel flexibility. 





Hoop 


Modified Hoop 

Fig. 9. Flexible wheel configurations. 


Spiral 
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Table 2 

Hoop wheel performance parameters. 


Wheel 

R (mm) 

H (mm) 

Load (N) 

K (N/mm) 

a (MPa) 

Strength Margin 

Pgr (kPa) 

Pgcr (kPa) 

Operating Mode 

Hoop-1 

0.2 

0.2 

20.0 

1.06 

789.0 

0.29 

6.66 

11.92 

Flexible 

Hoop-2 

0.2 

0.3 

20.0 

2.94 

320.0 

2.18 

16.00 

12.05 

Rigid 

Hoop-3 

0.3 

0.2 

20.0 

1.17 

572.0 

0.78 

11.42 

11.98 

Flexible 

Hoop-4 

0.3 

0.3 

20.0 

3.18 

128.0 

6.96 

12.78 

12.01 

Rigid 

Hoop-3 

0.3 

0.2 

8.0 

1.17 

230.0 

3.43 

8.0 

6.5 

Rigid 


Table 3 


Modified hoop wheel performance parameters. 


Wheel 

R (mm) 

H (mm) 

k (N/mm) 

Load (N) 

a (MPa) 

Strength Margin 

Pgr (kPa) 

Pgcr (kPa) 

Operating mode 

MHoop-1 

0.2 

0.2 

1.59 

20.0 

504.0 

1.02 

7.27 

11.92 

Flexible 

MHoop-2 

0.2 

0.3 

4.46 

20.0 

193.0 

4.2 

8.88 

11.94 

Flexible 

MHoop-3 

0.3 

0.2 

1.96 

20.0 

151.7 

5.72 

7.9 

11.92 

Flexible 

MHoop-3 

0.3 

0.2 

1.96 

8.0 

60.68 

15.8 

6.4 

6.55 

Flexible 


mance parameters for this wheel (R = Rim thickness, H = 
Hoop thickness. K = Radial stiffness, a = Induced stress). 

As observed, Hoop-1 and Hoop-3 pass the stiffness and 
operating mode criteria but the strength margin for Hoop- 
1 is low. For a given load, difference in deflections obtained 
at the wheel centre from position (a) and (b), as shown in 
Fig. 5, gives the vertical stability. For Hoop-3, the vertical 
stability comes out to be 1.2 mm. Hoop-3, though performs 
well but it’s average ground pressure is close to the critical 
ground pressure and also under 8 N the wheel operates in 
rigid mode. Therefore, a modified configuration incorpo¬ 
rating hoops with their axes oriented normal to the hub 
axis is considered. 

3.1.2. Modified Hoop wheel 

The hoops are oriented normal to the hub axis such that 
the locus of the centre of hoops traces a circle concentric to 
rim/hub. Taking a hoop width of 10 mm, twenty hoops are 
accommodated between the hub and rim. Performance of 
the modified hoop wheel (MHoop) is shown in Table 3. 



Fig. 10. Undeformed and deformed stress profile of MHoop-3. 


As observed, reorientation of the hoops improves the 
flexibility and the vertical stability of the wheel with similar 
stress. It thus ensures flexible mode of operation even for 
lower loads. MHoop-3 is the best performing wheel due 
to maximum strength margin and stiffness close to desired 
value, stress profile of which is shown in Fig. 10. Vertical 
stability of MHoop-3 is 1.05 mm, which is better than 
Hoop-3, but under a nominal load of 8 N, the wheel passes 
marginally in the operating mode. Therefore, spiral spokes 
are considered for further study. 

3.1.3. Spiral wheel 

Spokes are formed as arc of circle starting from a point 
on the hub to the rim with radius 60.0 mm. The number of 
spirals is taken as fifteen. The results for Spiral wheel 
(SWheel) are shown in Table 4. 

SWheel-2 has a strength margin of 2.7, vertical stability 
of 0.2 mm and operates in flexible mode under 8 N and 3 N 
load. Stiffness is close to targeted stiffness of 2 N/mm. 
Therefore, among all the wheel configurations studied, 
SWheel-2 is recommended as a candidate wheel for the 
lunar rover mission. The stress profile for SWheel-2 is 
shown in Fig. 11 . 

Deformation characteristics of SWheel-2 on JSC-1A are 
evaluated as explained in Section 2.1.1. The results of the 
study are shown in Table 5. 

As observed, flexible wheel sinks less compared to rigid 
wheel and provides larger contact area. From substitution 
circle theory as explained previously in Eq. (3), this wheel is 
equivalent to a rigid wheel of ~325.0 mm radius. 


Table 4 

Spiral wheel performance parameters. 


Wheel 

R (mm) 

H (mm) 

Load (N) 

k (N/mm) 

a (MPa) 

Strength Margin 

Pgr (kPa) 

Pgcr (kPa) 

Operating mode 

SWheel-1 

0.2 

0.2 

20.0 

1.08 

664.3 

0.53 

5.71 

11.92 

Flexible 

SWheel-2 

0.2 

0.3 

20.0 

3.48 

275 

2.70 

9.95 

11.95 

Flexible 

S Wheel-3 

0.3 

0.2 

20.0 

1.48 

492 

1.07 

10 

11.95 

Flexible 

SWheel-2 

0.2 

0.3 

8.0 

3.48 

115 

8.8 

5.3 

6.52 

Flexible 
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Fig. 11. Undeformed and deformed stress profile SWheel-2. 



Displacement (mm) 


Fig. 13. Load deflection curve for vertical loading. 


Table 5 


Analysis results for rigid and flexible wheel sinkage characteristics. 


Parameter 

Rigid wheel 

SWheel-2 

Static sinkage in soil (mm) 

4.1 

3.01 

Contact area (mm 2 ) 

1904 

2440 

Average ground pressure (kPa) 

4.2 

3.2 

Nominal slip (%) 

20.0 

5.0 


After an initial selection of spiral spoked wheel the 
design is further refined to address the following issues:- 

• Hub diameter is modified to suit the motor interface 
requirements for which the number of spokes gets 
reduced to ten. 

• Non availability of 0.3 mm Be-Cu sheet thickness in 
house led to the use of 0.2 mm thickness. 

• Spiral spokes assembled in two sets, running in opposite 
directions with an axial offset so as to have uniform tan¬ 
gential stiffness in forward and reverse directions. 

• Spoke angle adjusted to 70 deg such that spoke takes 
natural shape when fixed with the connecting brackets 
without bulging abruptly at the ends. 

The wheel is analysed for a combined vertical, tangential 
and axial loading and required stress margin is obtained as 
shown in Fig. 12. Deformation along tangential and axial 
directions is within 20% of the vertical deformation and 
the radial stiffness is obtained as 1.1 N/mm. 

The force deformation curves for vertical loading, tan¬ 
gential loading and axial loading are shown in Figs. 13- 
15 respectively. 



Fig. 12. Stress profile for candidate spiral wheel. 
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Displacement (mm) 


Fig. 14. Load deflection curve for tangential loading. 



Displacement (mm) 


Fig. 15. Load deflection curve for axial loading. 


As observed in Fig. 13, the load deflection behaviour is 
non-linear and at 11 N load, the deflection is 10 mm. The 
tangential and axial stiffness are plotted up to 4 N and 
10N that are obtained from rigid wheel terramechanics 
theory considering the drawbar pull and side resistance 
respectively. 

As observed in Fig. 14, the tangential stiffness is 4 N/0.9 
mm i.e. 4.44 N/mm. 

As observed in Fig. 15, the stiffness in axial direction is 
10N/1.55mm i.e. 6.45 N/mm. The tangential and axial 
deformations are 0.9 mm and 1.55 mm for the given load¬ 
ing and are within 20% of vertical deformation. 

3.2. Parametric studies on grouser configuration 

Straight grousers of 50 mm width and 2 mm thickness 
have been considered for the study. Minimum number of 
grousers is evaluated using Eqs. (5) and (6), as shown in 

Table 6. 

The contact lengths used in this table are obtained from 
finite element analysis of the candidate wheel. The maxi¬ 
mum no. of grousers is obtained using Eq. (7), as shown 
in Table 7. As observed, maximum no. of grousers should 
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Table 6 

Minimum no. of grousers. 


Load (N) 

1 (mm) 


0g (deg) 

% 

3 

48 


29.86 

12 

6 

50 


31.05 

12 

9 

55 


33.98 

11 

12 

58 


35.72 

10 

15 

60 


36.87 

10 

20 

75 


45.24 

8 

Table 7 





Maximum no. of grousers. 




h b (mm) 


Iqp (mm) 


flg max 

5 


12.07 


48 

10 


24.14 


24 


be limited to 48 and 24 for 5 mm and 10 mm height grouser 
respectively. 

3.3. Fabrication of wheel 

Wheel is fabricated using half hard Be-Cu sheet, Al con¬ 
necting brackets and screws. First holes are drilled in the 


Spokes 



Rim 


Connector 

brackets 


Fig. 16. Fabricated wheel without grousers. 



Fig. 17. Fixture for heat treatment. 



Fig. 19. Flexible wheel with grousers. 


hub through which spokes are fixed to the hub. Small Al 
pieces curved to align with the circumference are used as 
connectivity brackets. These are drilled and screwed con¬ 
nections are used to connect the spokes to the rim (Fig. 16). 

A heat treatment fixture (Fig. 17) is made to anneal the 
material so that it gains full strength. Wheel is heated for 1 
h at 340 °C and then allowed to cool inside the chamber. 
The scaling is removed using chemical bath. 

The grousers are also made from Be-Cu sheet by bend¬ 
ing as shown in Fig. 18. 

The fabricated wheel with grousers including motorised 
hub unit is shown in Fig. 19. The total wheel mass is 1127 
gms. 

4. Flexible wheel characterisation fixture 

A low cost, compact flexible wheel characterisation fix¬ 
ture is developed as shown in Fig. 20. It is used to measure 
the wheel deformation in static condition while the wheel 
rests on soil/rigid surface and measures sinkage, slip and 
drive torque while the wheel is in motion. 

The fixture consists of a wooden box containing JSC-1 A 
placed over an Al frame. Wheel is held within two vertical 
guides that allow flexing in radial direction and permits 
sinkage in soil. The vertical guides are in turn held over 
horizontal guides that allow movement in the direction of 
motion. Power supply provides DC input to the motor 
and sets it into motion. A braking unit runs parallel to 
the direction of motion but in opposite direction providing 
resistance to the wheel motion. A similar unit is placed in 



Single grouser Twin grouser 

Fig. 18. Different grouser configurations. 
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Off loading 
unit 


Drive motor 


Horizontal 

guide 


Braking unit 



Loading unit 


Counter 

weight 

pulley 


Vertical 

guide 


Power 

supply 


Fig. 20. Schematic of flexible wheel characterisation fixture. 


the direction of motion to counter the resistance on 
account of the horizontal guide friction using a counter 
mass of 190 gms. A brief description of how performance 
parameters are measured using this fixture is given in fol¬ 
lowing sections 

4.1. Wheel deflection measurement 

A small bracket connected to the side of the wheel is 
placed over a dial gauge (Fig. 21). The wheel is loaded 


and the resulting wheel deformation is measured in static 
condition when the wheel is at rest. 

4.2. Loading!off loading unit 

An arrangement of trapezoidal Al box together with 
pulley provides offloading to the wheel. Standard weights 
can be placed in the box and the wheel load is offloaded 
to simulate load up to 300 gms. For loading the wheel, a 
direct mount is provided over the wheel (Fig. 22). 



Dial gauge placement point 


Fig. 21. Wheel deflection measurement. 


Off loading unit 


Loading unit 



Pulley 


Wire connecting loading 
mount to off loading unit 
through pulley 


Fig. 22. Wheel loading/offloading unit. 
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White sheet 


Spring held 
ball point pen 


Fig. 23. Wheel sinkage measurement. 



Wheel track 



Fig. 24. Wheel slip measurement. 


Voltage is set at 6.6 V to achieve a rotational speed of 2 
rpm in no load condition corresponding to 2 cm/s of trans¬ 
lational velocity. Current drawn in no load condition = 
0.1 amp that corresponds to 1.29 Nm torque. 

4.6. Traction, Resistance, drawbar pull measurement 

The torque developed by the wheel is divided by wheel 
radius to obtain the traction. Drawbar pull is obtained 
from the brake load applied to the wheel against its 
motion. Difference between traction and drawbar pull gives 
the resistance on account of wheel and soil deformation. 


4.3. Sinkage measurement 

Sinkage is measured from the plot of a ball pen held on 
to the wheel over a sheet of paper (Fig. 23). 


5. Analysis-test correlation 

First, vertical load deflection characteristics of the wheel 
resting on JSC-1A are evaluated (Fig. 25). As observed, 


4.4. Slip measurement 

Slip is measured by measuring the distance covered in 
half a revolution with the theoretical distance that the 
wheel would have covered under no slip (Fig. 24), as given 
inEq. (11). 

S{%) = ( %r ~ Lac ' m, \*m (11) 

\ 7ir J 

4.5. Torque measurement 



Deflection (mm) 


Fig. 25. Wheel vertical load deflection characteristics. 


Drive torque is measured from current and torque con¬ 
stant of the motor, reduction ratio of gear head and gear 
efficiency, as shown in Eq. (12). Brushed DC motor is used 
for driving the wheel:- 

Faulhaber minimotor - Type 3042 024C; Torque const 
= 39.6 mNm/amp, Reduction ratio = 592:1, Efficiency = 
0.55. 

Torque (x) developed by motor (N mm) is given by:- 
x = 39.6 * 592 * 0.55 * / (12) 

where I = Current drawn by motor. 



0 10 20 30 40 50 60 70 

Contact length (mm) 


Fig. 26. Wheel soil contact length characteristics. 
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Table 8 

Analysis test comparison for sinkage under static loading. 


Model 

Load (N) 





3 

6 

9 

12 15 

20 

Substitution theory (mm) 

2.2 

3.2 

4.0 

4.5 5.1 

5.7 

FEA (mm) 

1.6 

2.0 

2.2 

2.6 3.0 

3.2 

Test (mm) 

1.5 

1.8 

1.9 

2.0 2.2 

2.5 

Table 9 






Variation of performance parameters for 20 N vertical load. 


Parameter 

Magnitude 




Drawbar pull (N) 

0 

2 

3.75 

6 

8.4 

Total current (Amp) 

0.131 

0.136 

0.148 

0.168 

0.175 

Drive torque (Nm) 

0.4 

0.46 

0.61 

0.88 

0.97 

Traction (N) 

4.4 

5.11 

6.77 

9.77 

10.77 

Resistance (N) 

4.4 

3.11 

3.01 

3.77 

2.37 

Sinkage (mm) 

2.5 

2.5 

3.0 

4.0 

10.0 

Slip (%) 

0 

3.22 

8.06 

11.30 

-100 



Fig. 27. Measured drawbar pull and drive torque variation with slip for 
smooth wheel. 


both analysis and test curves show a change in the slope 
after a deformation of 5 mm. This is due to the fact that 
wheel rim forms a flat contact patch contained between 
two successive spokes during initial 5 mm deflection. After¬ 
wards, the outer end of the spokes gets in touch with the 
rim and the stiffness increases. Analysis and test results 
match well up to 5 mm deflection after which the test shows 
larger deflection compared to analysis. This is because 
spoke-rim connector brackets are not modelled in analysis 


which create a larger area for load transfer and increase 
deflection. 

The wheel soil contact patch length variation with load 
is shown in Fig. 26 which shows a similar trend compared 
to previous graph. Once 35 mm contact patch is formed 
between the consecutive spokes, stiffness increases on 
account of contact non-linearity. 

Secondly, static sinkage estimate and test results are 
compared as shown in Table 8. As observed, sinkage 
obtained from finite element analysis is closer to test results 
compared to the substitution theory. This validates the 
methodology that was developed to estimate the load 
deflection characteristics in Section 2.1.1. 

The measured variation in the dynamic performance 
parameters for smooth flexible wheel without grousers for 
20 N load is shown in Table 9. The variation in the draw¬ 
bar pull and drive torque of the same is shown in Fig. 27. 
While evaluating the drive torque, current component cor¬ 
responding to wheel rotation in no load condition has been 
subtracted from total current. 

As observed, the sinkage varies from 2.5 mm to 10 mm 
for slip variation from 0% to ~100%. Maximum drawbar 
pull at 90% slip is 8.4 N and peak drive torque requirement 
is 0.97 Nm. Up to a load of 6 N, slip increases gradually to 
11.3% after which there is a sudden increase to ~ 100% for 
a load increase to 8.4 N. 

The maximum drawbar pull measured at ~100% slip for 
wheels with and without grousers of different height and 
number are shown in Fig. 28. 

As observed, inclusion of grousers improves the draw¬ 
bar pull over a smooth flexible wheel and the difference is 
more evident at higher loads. The increase is most promi¬ 
nent for 10 mm height, 20 no’s grousers and the perfor¬ 
mance of 5 mm, 40 no’s is similar to 10 mm, 10 no’s 
grousers. 

Comparison of peak traction at 100% slip from analysis 
using Eq. (4) with test is shown in Table 10. It is important 
to note that (1) The traction is obtained from current mea¬ 
surement not from drawbar pull as some energy is 
expended in flexing-un flexing of wheel due to which trac¬ 
tion developed is more than the drawbar pull and (2) Fric¬ 
tion angle between Be-Cu and JSC-1A (26 deg), is less than 



No grouser 
5mm, 10 no’s 
5mm, 20 no’s 
5mm, 40 no’s 
10mm, 10 no’s 
10mm, 20 no’s 


Fig. 28. Measured peak drawbar pull vs wheel load. 
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Table 10 

Analysis test comparison for wheel traction (a = substitution equation, b = Bekker’s equation). 


Wheel 

Traction force for different vertical loads (N) 




3 

6 

9 

12 

15 

20 

Smooth wheel, Theoretical 

2.9 

5.2 

7.4 

10.0 

11.8 

15.4 

Smooth wheel, Theoretical 15 

3.86 

5.43 

7.14 

8.75 

10.32 

13.5 

Smooth wheel, Test 

4.7 

5.5 

6.3 

8.4 

9.8 

11.0 

5 mm, 10 no’s grousers -Theoretical 

5.16 

7.31 

9.47 

11.53 

13.53 

16.89 

5 mm, 10 no’s grousers - Test 

4.8 

6.1 

6.7 

9.0 

10.8 

14.5 

10 mm, 10 no’s grousers - Theoretical 

6.82 

9.71 

12.43 

15.04 

17.6 

21.17 

10 mm, 10 no’s grousers - Test 

5.5 

7.0 

8.0 

10.0 

13.5 

14.5 


angle of internal friction of JSC-1A (45 deg), therefore the 
former has been used for analysis. 

It is observed that for smooth wheel, Bekker’s equation 
gives results closer to test compared to substitution equa¬ 
tion and varies from -17.8% to +22.7% for load varying 
from 3N to 20 N respectively. For 5 mm height, 10 no. 
grousers, the variation is 7.5-16.5% and that for 10 mm 
height, 10 no. grousers it is 22.5-46% for loads varying 
from 3 N to 20 N. Peak traction for 20 N load is same 
for 5 mm and 10 mm height grousers but for 15 N load, 
the difference is evident and analysis-test variation lies 
within 30% of test results. The difference between the theo¬ 
retical estimates and test values can be attributed to the 
fact that motor torque does not get converted totally to 
wheel traction and a part of it is getting expended in flexing 
un-flexing of wheel. Therefore, the measured traction is less 
than the analytical estimation. The present work is limited 
to a single wheel prototype development of given size and 
it’s test estimation and therefore cannot be used to gener¬ 
alise the differences between analytical and test results. 
Eqs. (4) and (9) therefore need to be appropriately 
appended to account for the energy lost on account of 
wheel flexibility. This will be taken up as a future work 
by the authors to develop mathematical formulation that 
gives more accurate estimates for flexible wheel traction. 

6. Conclusions 

An attempt has been made in the present work to sys¬ 
tematically design a flexible wheel for a low mass lunar 
rover. A design criterion based on structural and functional 
requirements has been established that provides quantified 
indicators to select or skip a proposed wheel design for 
given rover mission. Finite element model of flexible wheel 
together with closed form solutions provides performance 
parameters that are used in the design criterion for wheel 
selection. Based on the design criterion, a candidate wheel 
is designed for a low mass rover application. The prototype 
is fabricated and tested for its performance using a com¬ 
pact low cost characterisation fixture. Grousers with vary¬ 
ing number and height are also incorporated in the bare 
wheel and the variation in performance is studied. Analysis 
and test results are compared with regards to the wheel 
deflection, sinkage, drawbar pull and slip. Analysis predicts 


higher values than the test and the maximum difference is 
within 40% of the test values. The reasons for difference 
have been investigated, however, to arrive at any gener¬ 
alised theory, more no. of tests are required on wheels of 
different diameters on different soils. This will be taken 
up as a future work by the authors to develop mathemati¬ 
cal formulation that gives more accurate estimates for flex¬ 
ible wheel traction. 

The present work provides a step by step procedure to 
design flexible wheels for a low mass lunar rover giving 
insight into the different design and performance aspects of 
rover. The theoretical formulations have been validated 
through tests and scope for improvement in the equations 
has been identified. Authors believe that this work provides 
useful insight into the design of flexible wheels for interplan¬ 
etary exploration vehicles and would help designers hasten 
the design and development time for future missions. 
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